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Based on the Isospin-dependent transport model Boltzmann-Uehling-Uhlenbeck (IBUU), effects
of the difference of the high momentum tails (HMTs) of nucleon momentum distribution in colliding
nuclei on some isospin-sensitive observables are studied in the 197Au +197 Au reactions at incident
beam energy of 400 MeV/nucleon. It is found that the nucleon transverse and elliptic flows, the free
neutron to proton ratio at low momenta are all less sensitive to the specific form of the HMT, while
the free neutron to proton ratio at high momenta and the yields of pi− and pi+ as well as the pi−/pi+
ratio around the Coulomb peak are sensitive to the specific form of the HMT. Combining the present
studies with the experimental measurements at rare-isotope reaction facilities worldwide, one may
get more insights into the nuclear short-range correlations in heavy nuclei or nuclear matter.
I. INTRODUCTION
Recently, the studies of the nuclear short-range corre-
lations (SRC) have been shown more interests in nuclear
community [1–21]. The basic points of the nuclear short-
range correlations are clear, i.e., in the nuclei from light to
heavy, about 20% nucleons form pairs with larger relative
momentum and smaller center-of-mass momentum. And
there is a high-momentum tail (HMT) of nucleon momen-
tum distribution in nuclei. The nuclear short-range cor-
relations are about 18 times stronger in neutron-proton
pairs than in neutron-neutron or proton-proton pairs.
For the few-nucleon systems or light nuclei, the nuclear
wave functions and consequently, the nucleon momen-
tum distributions can be obtained ab initio with realistic
Hamiltonians [4]. While for the case of heavy nuclei,
usually the approximate parameterized phenomenologi-
cal wave functions are adopted. Therefore, the specific
form of the high-momentum tail of nucleon momentum
distribution in heavy nuclei or nuclear matter is con-
troversial in the literature [5, 14, 17, 19, 20]. The spe-
cific fractions of high-momentum nucleons in heavy nu-
clei are different in experimental and theoretical studies
[5, 14, 17, 19, 20]. And also the effective cutoff value of
the maximum momentum of nucleon in heavy nuclei or
nuclear matter varies in the literature [5, 11, 17]. More-
over, the transition momentum of minority in asymmet-
ric matter is rarely studied [15]. These different aspects
of the initialization of nucleon momentum in heavy nu-
clei or nuclear matter may affect the isospin-sensitive
observables in heavy-ion collisions at medium energies.
And the isospin-sensitive observables in heavy-ion colli-
sions are very useful to constrain the equation of state of
asymmetric nuclear matter which plays important roles
in nuclear physics and astrophysics [22].
In the present study, unlike the general study of the
∗yonggaochan@impcas.ac.cn
effects of the HMT on free nucleon emission in heavy-
ion collisions [9, 10], we try to see if the difference of the
initialization of nucleon momentum in heavy nuclei or nu-
clear matter really has effects on some isospin-sensitive
observables in heavy-ion collisions at intermediate ener-
gies. We carry out such studies in the central and semi-
central 197Au+197 Au reactions at incident beam energy
of 400 MeV/nucleon. One finds that the nucleon flow
and the free neutron to proton ratio at low momenta
are both less sensitive to the specific form of the HMT,
while the free neutron to proton ratio at high momenta,
the yields of π− and π+ as well as the π−/π+ ratio
around the Coulomb peak are all sensitive to the spe-
cific form of the HMT. Besides the caution of constrain-
ing the nuclear symmetry energy by isospin-sensitive but
HMT-insensitive observables, these studies may help one
to constrain the specific form of the nucleon momentum
distribution above the Fermi momentum and to get more
insights into the nuclear short-range interactions in heavy
nuclei or nuclear matter.
II. THE INITIALIZATION OF NUCLEON
MOMENTUM AND THE TRANSPORT MODEL
In the used IBUU model, nucleon spatial distribution
in initial colliding nuclei is given by [11, 23]
r = R(x1)
1/3; cosθ = 1− 2x2;φ = 2πx3. (1)
x = rsinθcosφ; y = rsinθsinφ; z = rcosθ. (2)
Where R is the radius of nuclei, x1, x2, x3 are three in-
dependent random numbers. Since the specific form of
the high-momentum tail of nucleon momentum distri-
bution in heavy nuclei or nuclear matter is still contro-
versial, in this study the proton and neutron momen-
tum distributions with high-momentum tail are given by
the extended Brueckner-Hartree-Fock (BHF) approach
by adopting the AV 18 two-body interaction plus a mi-
croscopic Three-Body-Force (TBF) with about 15% nu-
cleons in the HMT [20] (labelled by “IMD1”) or a simple
2parameterized n-p dominance form with about 20% nu-
cleons in the HMT [13] (labelled by “IMD2”), as well
as the more complicated parameterized form with about
28% nucleons in the HMT [5] (labelled by “IMD3”).
Fig. 1 shows our used three nucleon momentum distri-
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FIG. 1: (Color online) Momentum distribution n(k) of neu-
tron (a) and proton (b) in nucleus 19779 Au given by the BHF
with Av18+TBF [20] (labelled by “IMD1”), or a simple pa-
rameterized form [13] (labelled by “IMD2”), and the more
complicated parameterized form [5] (labelled by “IMD3”).
The normalization condition
∫ kmax
0
n(k)k2dk = 1.
butions in the 19779 Au nucleus. From Fig. 1, it is seen
that more nucleons are in the Fermi sea with the IMD1
while more nucleons are located in the HMT with the
IMD3. Around the Fermi momentum, there are more
nucleons with the IMD2 and the IMD3. The cutoff val-
ues are about 2 (IMD1, IMD2) and 2.38 (IMD3) times
the Fermi momentum, respectively.
In this model, the SRC modified isospin- and
momentum-dependent mean-field single nucleon poten-
tial is used [12, 13], which reads
U(ρ, δ, ~p, τ) = Au(x)
ρτ ′
ρ0
+Al(x)
ρτ
ρ0
+B(
ρ
ρ0
)σ(1− xδ2)− 8xτ
B
σ + 1
ρσ−1
ρσ0
δρτ ′
+
2Cτ,τ
ρ0
∫
d3 ~p′
fτ (~r, ~p
′)
1 + (~p− ~p′)2/Λ2
+
2Cτ,τ ′
ρ0
∫
d3 ~p′
fτ ′(~r, ~p
′)
1 + (~p− ~p′)2/Λ2
, (3)
where τ, τ ′ = 1/2(−1/2) for neutrons (protons), δ =
(ρn− ρp)/(ρn + ρp) is the isospin asymmetry, and ρn, ρp
denote neutron and proton densities, respectively. The
SRC modified parameter values Au(x), Al(x), B, Cτ,τ ,
Cτ,τ ′ , σ, and Λ can be found in Ref. [12]. In this study,
since the symmetry energy may be mildly soft [12], we let
x= 1. The in-medium isospin-dependent baryon-baryon
(BB) scattering cross section (including elastic and in-
elastic) σmediumBB is reduced compared with the free-space
value σfreeBB by a factor of
RBBmedium(ρ, δ, ~p) ≡ σ
medium
BBelastic,inelastic/σ
free
BBelastic,inelastic
= (µ∗BB/µBB)
2, (4)
where µBB and µ
∗
BB are the reduced masses of the collid-
ing baryon-pair in free space and medium, respectively.
More details on the particle-particle collisions can be
found in Ref. [13].
III. RESULTS AND DISCUSSIONS
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FIG. 2: (Color online) Free neutron to proton ratio as a func-
tion of momentum with different initializations of nucleon mo-
mentum (IMD1, IMD2, IMD3) in the 197Au+197Au reactions
at incident beam energy of 400 MeV/nucleon with impact pa-
rameters b= 1.4 fm (a) and 7.5 fm (b), respectively.
Since the SRC or the HMT is the behavior of nucleons
in nuclei or nuclear matter, nucleon observable should be
the best probe of the HMT. Fig. 2 shows the free neutron
to proton ratio n/p as a function of momentum with dif-
ferent HMTs in the 197Au +197 Au reactions at incident
beam energy of 400 MeV/nucleon. From Fig. 2 (a), it
is seen that the free neutron to proton ratio n/p is less
sensitive to the HMT at low momenta. However, the
effects of the difference of HMTs become larger at high
momenta. Since more neutrons and protons are corre-
lated with the case IMD3 than with the case IMD1, it is
not a surprise one sees the value of free n/p with IMD3 is
lower than that with IMD1. From Fig. 2, it is also seen
that, for the central collision (b= 1.4 fm), the effects of
the HMT can reach about 20% at very high momenta.
While the effects are more clear in the semi-central (b=
7.5 fm) 197Au+197Au reaction. The effects of the differ-
ence of the HMTs on the free n/p at very high momenta
reach about 50%, which are of course measurable at rare-
isotope reaction facilities worldwide. For the semi-central
3collisions, since more (less) energetic nucleons are from
the HMT (nucleon-nucleon collisions), the larger effects
of the HMT on the free n/p ratio are expected.
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FIG. 3: (Color online) The yields of pi−, pi+ as a function
of time with different initializations of nucleon momentum
(IMD1, IMD2, IMD3) in the central (a) and semi-central
(b) 197Au +197 Au reactions at incident beam energy of 400
MeV/nucleon.
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FIG. 4: (Color online) The ratio of pi−/pi+ as a function of
momentum with different initializations of nucleon momen-
tum (IMD1, IMD2, IMD3) in the central (a) and semi-central
(b) 197Au +197 Au reactions at incident beam energy of 400
MeV/nucleon.
We next move to the discussions of the pion produc-
tion. Fig. 3 shows the yields of π−, π+ as a function of
time with different initializations of nucleon momentum
(IMD1, IMD2, IMD3) in the central (a) and semi-central
(b) 197Au +197 Au reactions at incident beam energy of
400 MeV/nucleon. It is seen that, whether in the central
or in the semi-central collisions, more π’s are produced
with IMD3 than those with IMD1 and IMD2. The num-
bers of pion production with IMD1 and IMD2 have small
difference while the difference becomes larger when com-
paring them to the case with IMD3. This means that
the number of produced π’s is affected by the fraction of
energetic nucleons in the HMT.
To reduce the systematic errors, it is preferable to see
the ratio of π− over π+. Fig. 4 shows the ratio of π−/π+
as a function of momentum with different initializations
of nucleon momentum (IMD1, IMD2, IMD3) in the cen-
tral (a) and semi-central (b) 197Au +197 Au reactions at
incident beam energy of 400 MeV/nucleon. It is seen that
the effects of the HMT on the π−/π+ ratio are also evi-
dent, especially around the Coulomb peak [24]. Around
the Coulomb peak, the value of π−/π+ ratio with IMD1
is higher than that with IMD2, and the value of π−/π+
ratio with IMD2 is higher than that with IMD3. With
IMD3, more neutrons and protons are correlated thus
proton has larger probability to locate in the HMT in
neutron-rich matter. More energetic proton-proton colli-
sions produce more π+’s, one thus see a low value of the
π−/π+ ratio. At high momenta, the effects of the HMT
on the π−/π+ ratio are not very clear, which deserve
further study.
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FIG. 5: (Color online) Nucleon transverse flow px as a func-
tion of rapidity with different initializations of nucleon mo-
mentum (IMD1, IMD2, IMD3) in the semi-central 197Au+197
Au reaction at incident beam energy of 400 MeV/nucleon.
We now turn to the study of the effects of the HMT on
the nucleon transverse and elliptic flows. In this study,
nucleon transverse flow as a function of rapidity in the
semi-central 197Au+197Au reaction at 400 MeV/nucleon
reads pxn,p =
1
Nn,p(y)
∑Nn,p(y)
i=1 p
x
i(n,p)(y) with Nn,p(y) be-
ing the number of neutrons or protons at rapidity y and
pxi(n,p)(y) being the transverse momentum (in the direc-
tion of impact parameter) of the free nucleon at rapidity
y. From Fig. 5 and Fig. 6, both the neutron and proton
flows as well as the relative nucleon transverse flow pxn -
pxp are all less sensitive to the specific form of the HMT.
It seems that the nuclear pressure from dense matter still
plays a major role in the transverse flow.
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FIG. 6: (Color online) Relative nucleon transverse flow pxn
- pxp as a function of rapidity with different initializations
of nucleon momentum (IMD1, IMD2, IMD3) in the semi-
central 197Au +197 Au reaction at incident beam energy of
400 MeV/nucleon.
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FIG. 7: (Color online) Nucleon elliptic flow v2 as a function of
transverse momentum pt ( =
√
p2x + p2y ) at (y/ybeam)c.m. ≤
0.2 with different initializations of nucleon momentum (IMD1,
IMD2, IMD3) in the semi-central 197Au +197 Au reaction at
incident beam energy of 400 MeV/nucleon.
To cancel out nuclear pressure from dense matter
to some extend, the nucleon elliptic flow, which reads
v2 = 〈cos(2φ)〉 = 〈
p2x−p
2
y
p2t
〉, seems to be a relative good
observable to probe the specific form of the HMT. Fig. 7
shows the effects of the HMT on the nucleon elliptic flow
v2 in the semi-central
197Au+197Au reaction at incident
beam energy of 400 MeV/nucleon. It is clearly seen that
the HMT affects the nucleon elliptic flow, especially for
the proton elliptic flow. The larger fraction of nucle-
ons in the HMT (IMD3) corresponds a small anisotropic
flow while the small number of HMT’s nucleons (IMD1)
causes a strong anisotropic flow. Since the proton has
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FIG. 8: (Color online) Relative nucleon elliptic flow vn2 - v
p
2
as a function of transverse momentum at (y/ybeam)c.m. ≤ 0.2
with different initializations of nucleon momentum (IMD1,
IMD2, IMD3) in the semi-central 197Au +197 Au reaction at
incident beam energy of 400 MeV/nucleon.
larger probability to be in the HMT in neutron-rich mat-
ter, the form of the HMT affects the proton anisotropic
flow more than the neutron anisotropic flow, especially
at high momenta. Fig. 8 shows the relative nucleon el-
liptic flow vn2 - v
p
2 as a function of transverse momentum
pt. One can see that the value of the difference of neu-
tron and proton elliptic flows roughly increases as the
increase of transverse momentum. It is also seen that
at high transverse momenta, the relative nucleon elliptic
flow vn2 - v
p
2 shows larger effects of the HMT.
IV. SUMMARY
The high-momentum tail of nucleon momentum dis-
tribution caused by the nucleon-nucleon short-range cor-
relations in nuclei is confirmed by recent experimental
and theoretical studies. Nowadays the specific forms of
the high-momentum tail, such as the fraction of high-
momentum nucleons, the effective maximum momentum
of nucleons in the high-momentum, the neutron to pro-
ton ratio of nucleons in the high-momentum tail, etc.,
deserve further study. Based on the SRC modified trans-
port model, it is shown that the free neutron to proton
ratio at high momenta and the yields of π− and π+ in
heavy-ion collisions at intermediate energies are prefer-
able to probe the specific form of the high-momentum
tail of nucleon momentum distribution in heavy nuclei
or nuclear matter. To constrain the symmetry energy
by the iso-sensitive observables, one should try to avoid
those probes that are also sensitive to the specific form
of the HMT.
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